Abstract: A few microns thick layer of an optically active cholesteric liquid crystal is realized by using a photoisomerizable nematic component and a chiral dopant. It is shown that such a photosensitive optically active medium can be used as a holographic material for optical information and dynamic grating recording. The photo-induced gratings are written by exploiting the light-induced photoisomerization phase transition from an optically active chiral liquid crystal to an isotropic liquid, which results in the rotation of the light polarization plane from 90 to 0 degrees and corresponding to maximum, respectively, zero transmittance. The results highlight applications in the eld of optical storage by the recording of static gratings, as well as in the eld of nonlinear beam-coupling via the holographic writing of dynamic gratings
Introduction
Materials possessing photo-controlled optical properties are very attractive for the currently increasing interest in the development of optical recording, processing and storage systems. Photo-control of the molecular conformation as well as of structural transformation leads to the mod- ulation of one of the optical parameters of the material, as the refractive index, absorbance, re ection or scattering. In this framework, a number of works have been focused on using the optical activity as a photo-modulated property of the material. In this case, the optical parameter changing under the light e ect is the rotation of the light polarization plane. As for the materials employed, it turns out that the well-studied optical activity of solvents is too weak for this kind of applications. In comparison with the liquid solvents, some solid crystals possess considerable optical activity and are simultaneously sensitive to light. According to the values reported in the literature, the Bismuth Silicon Oxide (BSO) solid crystal was considered as the most appropriate material for light induced modulation of optical rotation. A series of investigations on grating recording based on photo-induced changes of optical activity in BSO crystals were performed by Shepelevich et al [1, 2] . As well, polarization gratings and holograms were recorded in this crystal [3, 4] , but besides optical activity the polarization properties of the light were strongly modi ed by the presence of electric-eld-induced linear birefringence. Moreover, the speci c optical rotation provided by BSO (22 deg/mm for an optical wavelength of 633nm) requires a layer thickness of several millimeters in order to achieve an appreciable photo-induced rotation of the polarization plane and grating recording can only be obtained in large thickness crystals.
In this paper we propose a new photosensitive optically active material, which is a cholesteric liquid crystals (CLC) made of a photoisomerizable nematic component with a chiral dopant. We show that this mixture possess a large value of the speci c optical rotation ( deg/mm at 633nm) and allows recording both static and dynamic gratings based on photo-induced change in optical rotation in just a few microns of the layer thickness. At the same time, all the other optical properties of the layer, such as the linear birefringence, absorption, re ection and scattering, are practically not altered by the photo-induced process. At our knowledge no previous works have shown the use of a CLC as an optically active medium for grating recording. Meanwhile, exactly the CLC provides an unique opportunity to obtain on its basis a material perfectly combining two of the most important properties for this application: an easily photo-controllable structure [5, 6] and a giant structural optical activity [7, 8] . Previously, an electro-optic e ect in a pure optically active CLC was proposed [9, 10] . There, the optical rotation angle of 90 degrees was reached with a layer thickness of a few microns and a change from 90 to 0 degrees was obtained by applying an electric eld. In the present study, thanks to the photosensitive features of the photoisomerizable chiral doped CLC [11] [12] [13] [14] [15] , the optical rotation change is achieved only by means of light, with no need of applied electric eld. The photo-induced e ect consists in transformation of the nematic host under exposure to UV [11] [12] [13] [14] [15] [16] [17] [18] [19] . If the nematic host is composed of trans-cis isomerizable molecules the irradiation with UV leads to the increase of cis molecules concentration and, nally, to the transition into the isotropic phase [20, 21] . The change in rotation angle of the light polarization plane from 90 to 0 degrees, which leads, correspondingly, to the change from maximum to zero transmittance, is achieved under static exposure as well as for holographic dynamic recording.
. Mauguin regime, selective reflection and optical activity
Di erent behaviors of CLC structures are observed depending on the relative magnitude of the light wavelength λ and the helical pitch P of the chiral layer [22] . In the region of long helical pitches λ << nP, besides optical rotation strong birefringence is also observed. This region of parameters is known as the Mauguin (or waveguide) regime [7] and is used in LCD technology. The region close to λ = nP is characterized by 100% selective re ection of one of the circularly polarized waves and by the change of the optical rotation handedness. For λ > nP the optical activity decreases rapidly. On the other hand, the area in between the Mauguin regime and the selective re ection region, λ < nP, is considered as a regime purely characterized by optical activity. In literature the term "optical activity" sometimes is applied also to the waveguide regime because the polarization plane rotation takes place there as well. The principles and optical manifestations of these two types of polarization plane rotation are di erent. Therefore, we have to emphasize that in this paper we focus to the pure optical activity, which is far from the waveguide regime and free of optical anisotropy. The qualitative dependence of the optical rotation on the relative wavelength for a planar CLC layer is shown in the graph displayed in Fig.1 (from Ref.
[23]). Obviously, for the proposed application a CLC layer with high speci c optical rotation is necessary. The areas near the selective re ection band (both to the left and to the right) possess too sharp slope of the optical rotation curve, which makes it more di cult to obtain a stable rotation angle of the CLC layer. Besides that, the proximity of the selective re ection band is strongly undesirable in the rst experiments on spatial photo-modulation of the optical rotation. Therefore, we did not consider these areas as suitable ones for our purpose. The farther area to the left of the selective re ection band is characterized by weak slope and moderate optical rotation. And when approaching the Mauguin region, the optical rotation increases but the CLC layer becomes optically anisotropic. For grating recording, we experimentally chose such an area of the rotation curve where the values of optical rotation were suciently high but the optical anisotropy still did not appear. [23] . λ is the Bragg wavelength.
Sample preparation and characterization
For realizing the photosensitive optically active CLC we have used a mixture of the photoisomerizable nematic ZhK-440 (from NIOPIK, Moscow, see, e.g., [6] ) and the optically active dopant MLC-6248 (from Merck, Darmstadt). We have prepared various CLC mixtures with di erent helical pitches. Since we are interested in the regime of long helical pitch with respect to the optical wavelength, λ < nP, weak concentrations of the chiral dopant are used in order to obtain mixtures with a few µm pitch. The photosensitive CLC mixture is, then, enclosed in between two glass windows (glass thickness 1.2 mm) whose inner surfaces are treated for planar alignment of the chiral layer. Various thickness of the CLC layer and various helical pitches have been investigated. Finally, a CLC mixture with a pitch P = . µm in a d = µm thickness cell was selected as a one demonstrating enough strong optical rotation while maintaining the absence of linear birefringence. This cell showed a degrees rotation of the polarization plane in the red part of the visible spectrum. The measured dependence of the polarization rotation angle on the optical wavelength is shown in Fig. 2a . The measurements have been performed using a polarization microscope and a ber optic spectrophotometer by means of smooth rotation of the microscope analyzer. As it can be seen, the rotation angle of degrees is reached at 682 nm. Correspondingly, at this wavelength the CLC layer is maximally transparent when observed in between crossed polarizers. Rotation of degrees is observed at 545 nm, thus, here the light transmission in between crossed polarizers is close to zero. Such a dispersion curve of the optical rotation results in a peculiar form of the transmission spectrum when recorded in between crossed polarizers (Fig.  2b) . By using corresponding lters, any part of the spectrum can be highlighted for subsequent monitoring of the photo-induced changes. Further, for grating recording the modulation of the most high and broad peak corresponding to degrees of rotation was chosen.
. Probing the CLC layer with femtosecond pulses
In order to further characterize the properties of optical rotation dispersion of the CLC layer we have probed the cell with 30 femtoseconds pulses with a spectrum centered at 770 nm. The fs pulses are obtained from a frequency doubled Femto ber PRO IRS (Toptica Photonics) oscillator delivering 40 fs pulses at 1570 nm with 200 mW average power, repetition rate 80 MHz. A half-waveplate sets the linear polarization direction parallel to the nematic director at the entrance plane of the CLC cell. The transmission of the cell is then analyzed after a broadband thin lm polarizer orthogonal to the initial polarization direction. The measurements have been performed by using a spectrometer and by rotating the analyser. The transmittance in crossed polarizers and the corresponding optical rotation angle are displayed in Fig. 3 , from which a large optical activity can be appreciated also in this part of the spectrum. These results demonstrate the possibility to extend to this range of wavelengths the recording process based on the photo-induced change of the optical activity as well as to operate the photosensitive CLC layer in the pulsed regime. Indeed, while the measurements with the polarization microscope and the spectrophotometer give information on the cell transmission in the visible range, the large spectral content of the fs pulses provides spectral information on the cell transmission around the central wavelength of 770 nm. The rotation of approximately degrees at this wavelength is consistent with the rotation curve displayed in Fig. 2a for the visible range. In the same way, the transmission of approximately 0.7 is consistent with the transmission curve of Fig. 2b .
Photo-induced gratings via static masks
Photo-induced gratings have been recorded in the photosensitive CLC layer by using static amplitude masks and by irradiating them with optical wavelengths inside the absorption spectrum of the CLC. By taking into account the absorbance spectrum of the CLC layer, which is located in the UV area of spectrum (Fig.4a) , di erent light sources for exposure were selected. In particular, two types of light sources have been used: a mercury lamp with a UV lter and a diode laser at λ = nm. The mercury lamp spectrum after correction with the UV lter contained only one peak centered at λ = nm. Exposure of the CLC layer to the UV light leads to the phase transition from the optically active cholesteric to the isotropic state. Therefore, when observed in crossed polarizers, the exposed areas become dark. The recording of long period static gratings was performed by the amplitude mask method. When using the UV mercury lamp, the mask was placed over the CLC cell so that the distance between the mask and the CLC layer was . mm due to the thickness of the con ning glass plate. In this case we used a mask with a period of the stripes of . mm.
Examples of the recorded gratings are shown in Fig.  4b . Due to the low intensity of the UV illumination, the exposure time required to record the gratings was about 1 hour. Heating processes caused by the close location of the mercury lamp resulted in a yellow shift of the main transmission peak. To eliminate the in uence of the rest transmission peaks a yellow lter was mounted in the microscope. The use of the laser instead of the mercury lamp allowed us to reduce signi cantly the exposure time, hence, to avoid heating processes. As a result, mask with a shorter period could be applied (Fig. 4c) . In this case a test chart USAF 1951 was used as a mask. It was placed in the laser beam path and in contact with the front window of the CLC cell, approximately at . mm from the CLC layer con- tained inside. Note that such a distance from the CLC layer produces a blurred image, which limits the e ective spatial resolution that can be obtained with this method. The photo-induced transformations in the used CLC mixture are reversible. The reverse process occurs under exposure to light in the blue range or by heating the cell. Both for the gratings recorded with the UV lamp and those recorded with the laser (Fig.4b-c) , the photos in are taken in cross-polarizing microscope and by turning the cell in di erent positions with respect to the polarizer axis. A yellow, respectively, red lter is inserted before the cell in order to avoid erasure from blue spectral components of the microscope lamp. The invariance of the colors observed under di erent cell orientations demonstrates the optical isotropy of the optically active CLC layer. These observations con rm the mechanism of grating recording via the photo-induced phase transition from the optically active CLC to the isotropic state. Of course, other CLC mixtures with irreversible photo-induced transformations [11] [12] [13] could be used as well in this application. 
Dynamic grating recording
After having characterized the recording process with the static masks, we have performed several experiences of holographic dynamic grating recording. The experimental setup (Fig.5) consists of an interferometer of MachZehnder type in which the UV laser is split and, then, recombined in order to produce interference fringes onto the CLC cell. The grating inscribed in the cell is tested with a red probe beam (λ = nm). The grating writing times are controlled by means of an electrically controlled shutter (SH). The intensity di racted by the grating is measured by a photodiode (PD) and recorded on a computer. The total UV power on the cell is xed at P UV = . mW, with a spot size of mm. The power of the probe is P RED = nW. The period of the grating is determined by the period of the UV fringes. For practical reasons we chose a fringe spacing Λ = µm as a typical value, easy to achieve with our setup and providing a high di raction e ciency. Nevertheless, shorter fringe spacings can also be implemented with appreciable di raction down to a few µm, which is comparable with other photo-transformational e ects in CLC. Furthermore, polymer stabilizers avoiding uidity of the LC could be added in future implementations for achieving shorter period gratings, thus, increasing the spatial resolution. Note that it was not, here, our aim to investigate the spatial resolution but to show for the rst time the possibility of grating recording in a few microns thick optically active layer.
The grating di raction e ciency increases with the UV exposure time ∆texp, as shown in Fig.6 . For exposure times ∆texp > . s the stationary di raction e ciency η std of the photo-induced grating increases with the exposure time. For ∆texp > s the grating is completely developed and η std reaches its theoretically predicted limit value of . (Raman-Nath di raction regime [24] ). Once written the grating remains impressed in the CLC, unless the cell is irradiated with light in the blue range or heated. A recorded grating is shown in the inset of Fig.6 .
The dynamics of the grating recording shows the rising of the di raction e ciency η(t) as a function of the UV exposure time. In Fig.7 are shown two cases, corresponding respectively to the exposure time ∆texp = . s (Fig.7a) and ∆texp = . s (Fig.7b) . We can see that for ∆texp = . s the grating fades away if the UV illumination is switched o while for ∆texp = . s the grating continues to develop even when the UV illumination is switched o . These observations are consistent with a mechanism of grating inscription based on the photo-induced trans-cis transformation of the photo-isomerizable nematics and the consequent change of the chiral helix leading to the phase transition from the optically active CLC to the isotropic state.
Concluding remarks
In conclusion, we have demonstrated the possibility of grating recording in a µm thick photosensitive and purely optically active CLC layer, where no optical anisotropy and selective re ection are observed. Therefore, for the rst time, it is shown the possibility of grating recording in a few microns thick optically active layer where, at the same time, all the other optical properties, such as linear birefringence, absorption, re ection and scattering, remain practically incidental. The process is based on the photo-induced phase transition from the optically active CLC to the isotropic phase, which results in the optical rotation angle change from 90 to 0 degrees, hence, to the change from maximum to zero optical trans- 
